Transition frequencies between low-lying energy levels in a single trapped 138 Ba + ion have been measured with laser spectroscopy referenced to an optical frequency comb. By extracting the frequencies of one-photon and two-photon components of the line shape using an eight-level optical Bloch model, we achieved 0.1 MHz accuracy for the 5d 2 D 3/2 -6p 2 P 1/2 and 6s 2 S 1/2 -5d 2 D 3/2 transition frequencies, and 0.2 MHz for the 6s 2 S 1/2 -6p 2 P 1/2 transition frequency.
Trapped single ions can be exploited to investigate the interaction between light and matter, and to construct optical clocks [1] . For these applications based on high precision spectroscopy a good understanding of the optical line shapes involved is indispensable. We have employed an optical frequency comb [2] to measure transition frequencies in Ba + and a model based on optical Bloch equations to extract atomic parameters from fluorescence spectra. These are essential ingredients for high precision experiments, in particular for atomic parity violation measurements in single Ba + [3, 4] and Ra + ions [5, 6] in the search for new physics [7] . In this work the frequencies of transitions between three of the lowest fine structure levels in the 138 Ba + ion are addressed. These levels form a Λ-configuration as shown in Fig. 1 . The level 6p 2 P 1/2 decays to the levels 6s
2 S 1/2 and 5d 2 D 3/2 with a branching ratio of about 3:1 [8] . We have measured the transition frequencies in a single 138 Ba + ion by driving the transitions 6s 2 S 1/2 -6p 2 P 1/2 and 5d 2 D 3/2 -6p 2 P 1/2 , employing an optical frequency comb as frequency reference. The dynamics of the population of the 2 P 1/2 level can be described by optical Bloch equations [9] [10] [11] . Coherent coupling between the 2 S 1/2 and 2 D 3/2 levels is observed when the two laser fields are detuned by the same amount from the respective atomic resonances. In this condition a two-photon process causes coherent population trapping, reducing the population of the 2 P 1/2 level [12] . For the measurements reported here a single Ba + ion is confined in a hyperbolic Paul trap (see Fig. 2 ). The trap is operated at frequency ω rf /2π = 5.44 MHz with a peak-to-peak rf voltage of typically V rf = 600 V. Additional electrodes provide a dc potential to compensate the effect of mechanical imperfections and stray fields, minimizing the micromotion of the ion in the trap. The trap is loaded by photoionization of 138 Ba atoms with laser light at wavelength 413.6 nm. The trap is mounted in a UHV chamber with residual gas pressure below 10 −10 mbar. Doppler cooling and detection of the Ba + ions is achieved with laser light at wavelengths λ 1 and λ 2 (see Fig 1) . Laser light to drive the 6s 2 S 1/2 -6p 2 P 1/2 tran-
Low-lying energy levels of the Ba + ion. The wavelengths of the investigated transitions are given.
FIG. 2. Schematic diagram of the hyperbolic Paul trap used for trapping Ba
+ ions, consisting of a ring electrode and two end caps. The inner diameter of the ring is 5 mm. Light scattered by ions is detected with a photomultiplier tube (PMT) and an electron-multiplying CCD camera (EMCCD).
sition (at wavelength λ 1 ) is generated by frequency doubling light at wavelength 987 nm from a single-frequency Ti:sapphire laser (Coherent MBR-110) in a temperaturetuned MgO:PPLN crystal (Covesion MSHG976-0.5) operated at 156.8
• C in a linear enhancement cavity. Light to drive the 5d 2 D 3/2 -6p 2 P 1/2 transition (at wavelength λ 2 ) is generated by a ring dye laser (Coherent CR-699) operated with DCM (4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran), pumped by a solid-state laser at 532 nm (Coherent Verdi V10).
The laser beams at wavelengths λ 1 and λ 2 are delivered to the trap via one single mode optical fiber (Thorlabs −11 frequency stability of the frequency comb to light at wavelengths λ1 and λ2. The light at wavelength λ1 is produced by second harmonic generation (SHG) of light from a Ti:sapphire laser, locked to the frequency comb with beat note B1. The light at wavelength λ2 is referenced to the frequency comb via a diode laser stabilized to I2 line P(25) 6-5 a3. The frequency of this laser is measured with beat note B2. The light at wavelength λ2 itself is produced with a dye laser offset-locked to the reference diode laser with beat note B 2 . AOM-2 is switched between two frequencies for laser cooling and for probing the signal.
PM460
). The polarization is controlled with linear polarizers and half-wave plates. The bichromatic light is focused to a beam waist of 60 µm at the trap center with a set of achromatic lenses. Typical laser light intensities at the position of the ion are of order saturation intensity for λ 1 and of up to four times saturation intensity for λ 2 . A magnetic field of 170 µT breaks the degeneracy of the magnetic sublevels. The direction and magnitude of the magnetic field are controlled with three pairs of coils. Ba + ions are detected via fluorescence of the 6p 2 P 1/2 -6s 2 S 1/2 transition. The light is imaged onto a photomultiplier tube (Hamamatsu H11123) and onto an electronmultiplying CCD camera (Andor iXon), see Fig 2. Background light is suppressed by a band-pass filter with 10 nm bandwidth and > 85% transmission at wavelength λ 1 (Edmund Optics #65-148). Light for the PMT is collected within a solid angle of 0.03 sr; the count rate is of order 2 × 10 3 cnt/s for a single ion with both laser fields on resonance. Light is imaged onto the EMCCD camera with a 16× magnifying telescope. The camera provides for the observation of localized single ions and crystals formed by several ions. The size of the image of an ion is proportional to the amplitude of its motion and gives an upper limit for its temperature. For a single laser-cooled ion this limit is of order ≤ 10 mK (≈ 1 m/s); the Doppler limit for the Ba + cooling transition is 0.5 mK.
A fiber-based femtosecond frequency comb (Menlo Systems FC1500) is used to measure the frequency of the light at wavelengths λ 1 and λ 2 (see Fig 3) . Its long term stability is provided by a GPS disciplined rubidium clock (FS 725) with an intrinsic frequency stability of 10 −11 in 1 s integration time and 10 −12 in 10 000 s. This clock also serves as long term reference for all rf frequencies in the experiment and its stability has been verified to ∆ν/ν ≈ 10 −11 via an optical fiber network [13] .
The frequency of the light at wavelength λ 1 is determined by counting beat note frequency ν B1 between light from a frequency comb mode and light from the Ti:sapphire laser, which is actively stabilized (see Fig. 3 ). Varying the frequency of the light at wavelength λ 1 was achieved by changing the repetition rate of the comb. After frequency doubling, the light at wavelength λ 1 passes through an acousto-optic modulator operated at fixed frequency ν AOM-1 . The frequency of the second light field at wavelength λ 2 is determined via an intermediate diode laser, the short term frequency stability of which is provided by saturated absorption spectroscopy [14] of component a 3 of line P(25) 6-5 in molecular I 2 . Its frequency is determined by counting beat note frequency ν B2 with light from the frequency comb. This setup has also provided the frequency of the line as ν P(25) 6-5 a3 = 461 312 288.10(2) MHz at an I 2 cell temperature of 25
• C, corresponding to a vapor pressure of 0.4 mbar. This particular line was not calibrated to this accuracy before in a compilation [15, 16] . The dye laser producing the light at wavelength λ 2 is locked to the reference diode laser at a variable offset using an additional beat note at frequency ν B 2 . The light is then frequencyshifted by double passing through an acousto-optic modulator. This device is switched at 53.6 kHz between two frequency settings ν AOM-2 . One frequency is variable and serves for probing the transition of interest for 3.7 µs. The second setting provides a fixed frequency for laser cooling the ion during the remaining 15 µs of each cycle. Table I lists all settings relevant to the laser frequencies. Fig. 3 ). During measurements the repetition rate of the comb ν comb,rep was varied to change ν1.
Frequency
Value ν comb,rep 250 000 233.5 Hz ν comb,offset −40 000 000.0 Hz For light at wavelength λ1: The Doppler-free spectrum of a single Ba + ion can be calculated by solving the Liouville equation for the eightlevel system of Fig. 1 ,
where H is the Hamiltonian describing the interaction with two laser fields and R is the damping matrix mod-eling relaxation and decoherence phenomena. The magnetic field defines the z direction and both light fields are taken to propagate along the −y direction (see Fig. 2 ). For the measurements presented herein, the light at wavelength λ 1 is linearly polarized, parallel to the magnetic field direction, and the light at wavelength λ 2 is circularly polarized. The Hamiltonian that describes the coupling of the eight-level system (ordered according to Fig 1) to these two light fields in the rotating wave approximation is given by the 8 × 8 matrix
where ω B = µ B |B|/h is the Larmor frequency, ∆ 1 and ∆ 2 are the detunings of the two laser frequencies with respect to the Ba + transitions, and Ω 1 and Ω 2 are the corresponding Rabi frequencies, depending on the amplitudes of the laser fields E 1 and E 2 as
The relaxation matrix R(ρ) includes the spontaneous decay of the 6p 2 P 1/2 level and the decoherence effect due to finite laser linewidths. Here Γ 1 = 14.7 MHz and Γ 2 = 5.4 MHz are the partial decay rates of the 6p 2 P 1/2 -6s 2 S 1/2 and 6p 2 P 1/2 -5d 2 D 3/2 transitions [8, 17] , such that the total decay rate is Γ = Γ 1 + Γ 2 with associated decoherence rate γ = Γ/2. The linewidths of the two lasers are both taken to be equal to γ l . Using γ = γ + γ l , the total relaxation matrix is given by
The spectrum of a Ba + ion is recorded by measuring the fluorescence signal while scanning frequency ν 2 across the 5d 2 D 3/2 -6p 2 P 1/2 resonance. To fit this data, the population of the 2 P 1/2 level (ρ 33 + ρ 44 ) is obtained from the steady-state solution of the optical Bloch equations while varying ∆ 2 . The detuning parameters ∆ 1 and ∆ 2 ,
relate the known laser frequencies ν 1 and ν 2 to the Ba + transition frequencies. The chosen parametrization minimizes the correlation between fit parameters.
A numerical χ 2 minimization is performed fitting transition frequencies ν (5d 2 D 3/2 -6p 2 P 1/2 ) , ν (6s 2 S 1/2 -5d 2 D 3/2 ) , Rabi frequencies Ω 1 and Ω 2 , and laser linewidth γ l to background-subtracted data. Ion dynamics are not taken into account. Fig. 4 shows a set of four spectra recorded with different intensities of the light at wavelength λ 2 , corresponding to different Rabi frequencies Ω 2 . The intensity ranged from 0.3 to 4 times the saturation intensity of the 5d 2 D 3/2 -6p 2 P 1/2 transition. Frequency ν 1 was kept constant during these measurements. The most prominent features in the spectra are the wide one-photon peak of the 5d 2 D 3/2 -6p 2 P 1/2 transition centered at ∆ 2 = 0 and a dip in fluorescence (electromagnetically induced transparency) caused by the two-photon process at ∆ 1 = ∆ 2 , which is at the same frequency in this case since ∆ 1 ≈ 0. The polarizations of the two laser fields determine which coherences cause a fluorescence dip. For the measurements presented here the dominant contributions are from coherences |1 5| and |2 8| (refer to Fig. 1) ; the magnetic field magnitude is too small to resolve the two individual components here. Fig. 5 shows spectra recorded with constant laser intensities and different detunings ∆ 1 .
A line shape calculated by numerically solving the eight-level optical Bloch equations is fitted to each individual spectrum. The scaling of the Rabi frequencies Ω 1 and Ω 2 with recorded laser powers, and the laser linewidth γ l are taken from a global fit to all data. Each of the spectra yields a value for the Ba + transition frequencies. The fit results are found to be consistent, except for transition frequency ν (5d 2 D 3/2 -6p 2 P 1/2 ) . Here a small dependence on the laser intensity corresponding to Ω 2 is found as shown in Fig. 6 . Intensity-dependent light shift effects are included in the optical Bloch equations and will drop out in the fitting procedure. However, a small mismatch in polarization or magnetic field orientation between model and experiment can modify a transition amplitude component resulting in a mismatch in light shift. The atomic transition frequency is determined by extrapolating the fitted value to zero laser intensity (see Fig. 6 ). A second set of spectra recorded at detuning ∆ 1 = −1.2 MHz yielded the same result. The weighted average of the 5d 2 D 3/2 -6p 2 P 1/2 and 6s 2 S 1/2 -5d 2 D 3/2 transition frequencies as well as their sum, the 6s 2 S 1/2 -6p 2 P 1/2 transition frequency, are given in Table II . The results presented here are limited by statistics and the stability of the laser system. Additional spectra have been recorded for different magnetic field settings, laser intensities, and laser polarizations to study systematic effects. An example of such a spectrum is shown in Fig. 7 where both the light at wavelength λ 1 and λ 2 is about 85% linearly polarized under an angle of 75°to a magnetic field of 600 µT. In this more complex polarization state, multiple dips in the fluorescence appear. The outermost features are due to coherences |1 8| and |2 5|. The frequency difference between these outer dips can be employed as a calibration of the magnetic field strength (ω B ).
The transition frequencies of the 6s 2 S 1/2 -6p 2 P 1/2 , 5d 2 D 3/2 -6p 2 P 1/2 , and 6s 2 S 1/2 -5d 2 D 3/2 transitions in 138 Ba + have been determined to sub-MHz precision using a single trapped ion (see Table II ). An eight-level optical Bloch model describes well the line shapes under the conditions in the experiment. Previous measurements had obtained these transition frequencies between low-lying levels to order 100 MHz accuracy using Fourier transform spectroscopy in large ion samples [18, 19] . This work improves upon the earlier measurements by more than two orders of magnitude.
